Background: To investigate if a low fermentable oligo-, di-and mono-saccharides and polyols (FODMAP) diet consumed by breastfeeding mothers may be associated with reduced symptoms of infantile colic. Methods: Exclusively breastfeeding mothers and their typically-developing healthy infants who met the Wessel Criteria for infantile colic were recruited from the community, to this single-blind, open-label, interventional study. After a 3-day qualifying period, mothers were provided a low FODMAP 7-day diet. On days 5, 6 and 7 mothers completed a Baby Day Diary. At baseline and at the end of the 7-day dietary intervention, breast milk was analysed for FODMAP content and infant faecal samples for pH. Results: Eighteen breastfeeding mothers (aged 27-40 years) adhered (100%) to the low FODMAP diet. Infants were of gestational age 37-40.3 weeks and aged 2-17 weeks. At entry, crying durations were a mean [95% CI] of 142 [106-61] min and fell by 52 [178-120] min (P = 0.005; ANCOVA). Combined crying-fussing durations fell by 73 [301-223] min (n = 13; P = 0.007), as did crying episodes (P = 0.01) and fussing durations (P = 0.011). Infant sleeping, feeding, or awake-and-content durations did not change. Infant faecal pH did not change. Breast milk lactose content was stable and other known FODMAPs were not detected. At end of study, mothers reported their baby 'is much more content' and 'can be put down without crying'. Conclusions: Maternal low FODMAP diet may be associated with a reduction in infant colic symptoms. A randomized controlled study is warranted to determine if a maternal low FODMAP diet is effective in reducing symptoms.
Introduction
Infantile colic occurs in typically-developing infants with no underlying cause and is the reason for 10-20% of all early visits to pediatricians (1) . The prevalence of excessive crying, a symptom associated with infantile colic, is reported to range from approximately 14% to 30% in infants up to 3 months of age (2) . Although its aetiology remains uncertain, infantile colic has been defined by the 'Wessel Criteria' since 1954, as paroxysms of crying episodes, lasting for more than 3 h per day, for 3 or more days per week, and for three or more weeks (1, 3) . In infants with colic, inconsolable unexplained crying episodes tend to commence in the early weeks of life, peaking around 6-8 weeks of age and spontaneously resolve by 3-4 months of age (1) . Infants with colic may also present with symptoms of excessive flatulence, and be very unsettled, fussing or irritable. Infantile colic can lead to parental exhaustion resulting in early cessation of breastfeeding (4) , post-natal depression (5) and in extreme cases, 'Shaken Baby Syndrome' (6) . Although current treatment methods involve a range of behavioural, pharmacological and dietary strategies, dietary intervention appears to be one of the most common approaches applied. Most studies have targeted formula-fed infants and, therefore, the infant's diet (7) . Studies investigating maternal dietary change in breastfed infants are limited and in general hypothesise to trigger immunological responses or influence breast milk composition, but to-date there is no evidence of the mechanism of action by which maternal diet might influence colic in infants (7) . For instance, evidence that shows efficacy of maternal avoidance of allergenic foods or its mechanism of action, are not clear (7) (8) (9) , and of the more commonly applied strategy of avoiding intestinal gas-producing foods such as onion, garlic, cabbages and legumes lacks evidence (10) . Intestinal gas-producing foods are high in indigestible or slowly absorbed short-chain carbohydrates, collectively termed fermentable oligosaccharides, disaccharides, monosaccharides and polyols (FODMAPs). A diet low in FODMAPs is efficacious for functional gastrointestinal symptoms (11) and is now commonly used as a therapy for people with irritable bowel syndrome (IBS) (12) . In response to anecdotal reports from breastfeeding mothers that, after following a low FODMAP diet, colicky symptoms of their respective infants were reduced, a proof-of-concept study was performed prospectively to examine the association of infant crying-fussing durations with the change of maternal diet to one low in in FODMAPs. Since there have been no other studies investigating the use of the low FODMAP diet for the treatment of infantile colic, we wished to use the findings of this study to inform regarding the need for and design of a randomised controlled trial.
Methods

Participant recruitment
Breastfeeding mothers with infants <6 months of age experiencing colic were recruited if they were 18-45 years old, were willing to change their diet and were exclusively or predominantly (no more than one feed of infant formula per day) breastfeeding. They were recruited from Maternal and Child Health Centres in Melbourne, the Australian Breastfeeding Association and the general community. Exclusion criteria included a co-morbid condition requiring medication, current use of dietary restriction as a response to an infant with colic, and following a vegan diet. Infants were required to fulfil Wessel Criteria for colic (3) , born at full-term and typically-developing, and to have no underlying medical condition requiring medication. Any therapies being administered for colic (such as simethicone and wind drops) or antireflux medication were permitted if their administration was not increased during the study.
Study protocol
After a screening telephone call, a face-to-face meeting was held at the home of the participant by the researcher (MI), at which point participant consent was also obtained. A 3-day validated Barr diary (Baby Day Diary) (13) and a stopwatch were provided to collect data on infant crying-fussing durations (minutes), the primary end-point and a measure for infantile colic, and, sleeping, feeding and awake-and-content times. Infants meeting the criteria for infantile colic, crying-fussing episodes lasting for more than 3 h per day for 3 days were deemed eligible for the study. A 3-day dietary diary for the mother and infant feeding were provided to capture baseline information. One sample of expressed breast milk and one sample of infant faeces directly from the infant's nappy, was collected during the baseline period by each participant. Breast milk and infant faecal samples were stored in sterile collection containers and placed in a portable freezer set at À20°C. All participants were provided with a portable freezer by the researcher.
A second face-to-face meeting was conducted at the participant's home, during which a 7-day low FODMAP maternal diet was delivered with additional Baby Day and dietary diaries. During the last 3 days of the diet (i.e., days 5, 6 and 7), mothers were required to complete the Baby Day Diary using the provided stopwatch to enable comparison of crying-fussing durations between baseline and the end of the dietary intervention of a low FOD-MAP diet. A dietary diary for themselves and an infant feeding diary during the intervention period was provided to measure compliance to a low FODMAP diet and exclusive or predominantly breastfeeding practices. Further samples of expressed breast milk and infant faeces directly from the infant's nappy were collected on the last day of the diet. The collection of breast milk and infant faecal samples were collected to investigate secondary end-points of the present study -possible mechanisms of action. On completion of the dietary intervention, mothers electing to continue the diet were educated on the specifics of the diet and further dietetic supervision was offered to all participants. During each face-to face interview and through the provided diaries (Baby Day and dietary diaries), qualitative data regarding infant behaviour patterns and bowel habits, and maternal satisfaction with meals and changes of well-being were also collected throughout the study.
The protocol was approved by the ethics committees of Monash University, Monash Health, The Australian Breastfeeding Association and the Department of Education and Early Childhood Development (DEECD). Written informed consent was obtained from mothers before they participated in the study.
The 7-day low FODMAP maternal diet
All low FODMAP meals were provided for 7 days. A detailed list of suitable drinks, snacks and alternative meals to those already supplied was also provided. Mothers were blinded to the nature of the intervention diet until completion of the study. If participants had any questions or required any additional guidance while consuming the diet, they were able to contact the researcher (MI), an Accredited Practising Dietitian, via email or telephone. For vegetarians and pescatarians, and those requiring a gluten-free diet, suitable alternative meals in the menu plan were provided. Lactose-free milk and soy-protein based yoghurts were supplied throughout the study for all participants. A seven-day meal plan was designed to ensure that breastfeeding mothers met their estimated energy requirements (EERs) including an additional 2 MJ due to the energy expenditure associated with lactation (14) . The diet was also planned to ensure a variety of foods included all five food groups with an adequate number of serving sizes for each, as per the Australian Guide to Healthy Eating for lactating women (15) . Table S1 includes a one day meal plan of a low FODMAP diet. All food was prepared, cooked and packed under supervision of qualified chefs in a licensed commercial kitchen with storage facilities. Frozen foods were delivered to mothers on ice in frozen storage containers.
Dietary analyses
Analyses of maternal baseline diets captured by maternal dietary diaries were performed using a modified version of FoodWorks7, (Xyris Software [Brisbane, Australia] Pty Ltd.) an extensive food composition database that also evaluates the FODMAP content of each ingredient. The modified version of FoodWorks7 containing FODMAP composition data, which was established by Monash University, Department of Gastroenterology in Melbourne, Australia, was used for the design and development of low FODMAP meals (16) (17) (18) (19) . Additional analyses after meals were prepared and cooked to confirm FODMAP content were performed. This included FODMAP content of fructans via enzymatic assays (Megazyme Fructan HK Assay; Megazyme International Ireland Ltd, Wicklow, Ireland) and for fructose, glucose, lactose, xylose, sucrose, fructooligosaccharides (nystose, kestose), galacto-oligosaccharides (raffinose, stachyose, verbascose) and polyols (sorbitol and mannitol) by high performance liquid chromatography (HPLC [Waters 515 HPLC pump]) with an evaporative light scattering detector (ELSD [Waters 2424 ELSD detector] and ultra-high performance liquid chromatography (UPLC) as described in detail elsewhere (18) (19) (20) . Actual intake of low FODMAP dietary intervention was not assessed. However, to reduce potential risk of maternal burden and as a measure of dietary compliance food diaries were provided for mothers to report on foods eaten outside of the provided diet.
Analysis of breast milk and infant faeces
Collected samples of breast milk (20 mL) and infant faeces (10 g) at baseline and at the end of the study were collected in sterile collection containers and placed in À20°C portable freezers provided by the researcher. On completion of the study, portable freezers were collected by the researcher and returned to laboratory freezers and stored frozen at À40°C. Breast milk was thawed and analysed for FOD-MAP content as for foods. A protein resistant pH probe (Metler Toledo LE 427) and pH meter (Metler Toledo Five-Go, Mettler-Toledo Ltd, Port Melbourne, Victoria, Australia) that had been standardized at 25°C with standard solutions, pH 4 and pH 7, were used to measure the pH levels of infant faecal samples after they were thawed to room temperature, as previously described (21) .
Data analysis
All statistical calculations were performed using SPSS statistical software (SPSS Statistics for Windows, Version 22.0. IBM, Armonk, NY, USA). Paired repeated-measures t-tests were performed comparing baseline infant behaviour variables collected by the Baby Day Diary, lactose content of breast milk and pH of infant faeces with those during the intervention. For normally distributed data, analysis of covariance on paired data was used to determine if infant age, a major confounding factor of infant colic studies, had any effect with each of the measures. A Wilcoxon signed-rank test was performed where the population was not normally distributed and for the non-continuous variables. A P-value of 0.05 or less was regarded as statistically significant. Additionally, False Discovery Rate (FDR) adjustments for type 1 error were carried out where multiple comparisons were being made and only results meeting the FDR cut-off were considered as a significant effect. A reduction of ≥25% for the primary endpoint infant crying-fussing durations was considered a clinically important difference (9) . Qualitative analyses of the descriptive information were analysed thematically. Post hoc analyses will be undertaken with a view to determine estimations for determining requirements of sample size for a future randomised controlled trial.
Results
Participants
Of 27 mothers assessed for eligibility, eight were ineligible (two infants were premature and three did not meet the Wessel Criteria, and three mothers were already on colicrelated dietary restrictions). One withdrew during the intervention due to the development of mastitis and the need for antibiotics. Hence, 18 completed the study. See Table 1 for participant characteristics. All 18 mothers were healthy, one had coeliac disease. Regarding their habitual dietary habits (independent of the colic), two were vegetarian, two typically avoided pork and crustaceans, one was pescatarian, the mother with coeliac disease had been adherent to gluten-free diet for 9 years, and another typically avoided both gluten and lactose. Seven infants received anti-colic/reflux remedies at baseline. During the intervention period, one infant was no longer administered an anti-colic/reflux remedy, three received a reduced dose and three maintained the same dose as baseline.
Dietary intake and adherence
Baseline maternal FODMAP intake was mean (SD, range) 29.5 g day À1 (4.4, 24-32 g day À1 ). The major FODMAPs present in the baseline diet of these mothers were fructose in excess of glucose from apples, watermelon, honey and fruit juices, oligosaccharides from wheat-containing breads and cereals, pasta, garlic, onion and herbal teas (fennel, dandelion and chamomile), polyols from avocado, watermelon and mushrooms (Table S1 ). The FOD-MAP content of the provided low FODMAP diet was 5 g day À1 (1.68, 3-7 g day À1 ). Maternal food diaries were assessed for compliance to the dietary intervention and not for actual intake. Food diary analysis indicates that all mothers were 100% adherent to the 7-day low FODMAP maternal diet. All mothers reported that the meals were enjoyable and that the portion size of meals were adequate and at times generous.
Baby Day Diary-infant behaviour changes post dietary intervention
The infants' behaviours during the baseline week of evaluation are shown in Table 2 . During the last three days of the dietary intervention week, there were significant reductions in crying durations, crying episodes, fussing durations, combined crying-fussing times, feeding durations and feeding episodes. When the data were corrected for the co-variate of infant age, all remained statistically significant except feeding durations, which decreased during the intervention period by a mean [95% confidence intervals] of 30 min from a baseline mean of 206 min. In contrast, awake-and-content durations significantly increased during the intervention period by 53 [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] min from a baseline mean of 225 min, which was removed after adjusting for infant age. The percentage of change in crying, fussing, awake-and-content, sleeping, feeding and combined crying-fussing durations in individual infants are shown in Fig. 1 . For the primary end-points of cryingfussing and crying durations, the majority (78% and 69% respectively) reduced by more than 25%.
Qualitative assessment
All mothers reported a change in infant behaviour patterns within one week. Common themes that emerged were, 'baby is much more content' -'baby can be put down without crying' -'baby has less flatulence' -'baby's cries are no longer pain-sounding screams' and 'can now read baby's tired signs'. Eighty percent of mothers reported a change in infant bowel habits at the end of the study. Common themes were, 'less soiled nappies', 'colour of infant faeces consistently yellow-mustard like' and 'consistency of faeces was thicker/less-runny'. No adverse effects of the diet were reported. Several mothers requested recipes of the meals and many commented that they were very satisfied with the meals. All mothers reported that there was plenty of food provided and did not report deviating from the meal plan. Due to the reduction in the infant's crying and fussing, mothers reported feeling, 'more content', 'more energetic', 'happier', and 'able to do other things besides hold their baby all day'. Mothers did not report a change in their own or their infant's overall daily routine.
Breast milk and faecal analyses
Eighteen pairs of breast milk and 18 pairs of infant faecal samples were analysed for FODMAP content and pH, respectively. The mean (range) concentration of lactose in breast milk was 7.7 (5.2-11.2) g per 100 mL at baseline, which was similar to the end of the dietary intervention, 7.4 (4.3-11.1) g per 100 mL (P = 0.1752), but was significantly less when corrected for infant age (P = 0.048). Glucose and fructans were detected in trace amounts. Polyols (sorbitol and mannitol), fructose and known galacto-oligosaccharides were not detected. Unidentified peaks on UPLC, however, were detected when measured against standard peak retention times of known sugars in 14 pairs of breast milk samples. Four breast milk sample pairs for unidentified peaks were not reported on. The majority of unidentified peaks were small and quantitatively similar between baseline and the intervention, except one peak that was markedly reduced during the dietary intervention in 11 of the 14 breast milk sample pairs analysed (Fig. 2) . The peak was not further analysed. The pH of infants' faeces at baseline (5. 
Descriptive, three-month outcomes for mother and infant
Sixteen of the mothers elected to continue a low FODMAP diet after completing the study and were instructed as per protocol. They continued this diet for a further 4-8 weeks. One mother discontinued the diet as she was admitted to a residential infant sleep school facility where such dietary manipulation was difficult to achieve. Another mother discontinued the diet due to the lack of family support and reported that her infant's colic symptoms returned. On the advice of her paediatrician, she commenced a dairy-free diet, with no relief in her infant's colic symptoms. Another mother resumed her usual diet but reported that her baby became unsettled in 24 h and, subsequently, returned to following a low FODMAP diet for a further 6 weeks. Weekly assessment over three months indicated that 16 of the 18 mothers continued to exclusively breastfeed. One mother reported that her milk supply was low and used formula supplementation. Another mother elected to only breastfeed for 4 months. The two mothers who introduced formula did not report that colic symptoms had returned. The colic symptoms of the remaining infants continued to improve.
Discussion
The majority of infant colic studies investigating dietary therapy strategies has focused on manipulating the infant's diet, particularly in formula-fed infants, mostly by changing the infant's formula from a cow's milk formula to a hydrolysed protein formula (7, (22) (23) (24) (25) . The use of infant probiotics is another strategy that has been building momentum, but the effectiveness of these strategies is mixed and additional controlled studies are needed (26) . Hence, the recommendations highlight that, due to the limited success of dietary therapies in treating infants with colic, no recommendations can be made (15) , despite anecdotally being common practice.
The present study provides evidence that manipulating the diet of breastfeeding mothers, namely with a low FODMAP diet, may be associated with a rapid and clinically-relevant reduction in the colic symptoms of exclusively breastfed infants. This finding is consistent with the previously-reported positive association of infantile colic with maternal ingestion of foods that are high in FODMAPs (e.g., cabbage, cauliflower and onion) from a questionnaire of 272 exclusively breastfeeding respondents (10) . The rapidity of response is also consistent with the speed of change of microbiota, composition of breast milk and symptoms with marked changes in dietary intake (27) (28) (29) (30) (31) . The success of the intervention in this study comes with major interpretative issues, particularly with regard to whether the association represents a specific effect of the diet, a placebo effect or just the natural history of infantile colic resolving over time. In the present study, a reduction of crying-fussing of ≥25% was seen in nine out of 13 infants (69%) and of ≥25% in cry durations (excluding fussing as a variable) alone in 14 out of 18 infants (78%) in line with the magnitude of improvement proposed by Hill et al. (8) to be clinically significant. In addition, this magnitude of effect was seen within one week of commencing a low FODMAP diet, a similar if not generally faster response to that in other colic studies where improvements after one month are the norm (26) . As the self-limiting nature of colic presents a major confounder to colic research, the effect of the infants' ages needs to be considered. A study examining the effectiveness of a hypoallergenic maternal diet found that 57% Figure 2 Tracing of the marked reduction of one unidentified peak on UPLC following a low FODMAP diet. This was observed in 11 out of 14 breast milk sample pairs.
of infants older than 6 weeks of age improved compared to 38% of infants younger than 6 weeks of age. In a logistic regression model, infant age was a significant factor in the reduction of colic (8) . In the current study, correcting the data for the co-variate of infant's age had no impact on the significant reduction of combined crying-fussing durations, crying durations and fussing durations, and crying episodes alone, despite one infant being 17 weeks of age at baseline. In contrast, infant age was associated with reduced feeding durations, increased awake and content durations as previously described (32) , as well as a change in lactose composition. These patterns of awake and content times support the notion that excessive infant crying-fussing behaviours (as seen at baseline) were not a result of being 'over-tired' or 'over-stimulated' -terms often used to explain an infant's irritable behaviour when awake for long periods of time.
The mechanistic link between maternal low FODMAP diet and infant colic is uncertain, but several factors need to be considered. First, the effects may well represent a large placebo effect. Secondly, the diet may have been effective due to the changes in dietary constituents other than FODMAPs. Eliminating major allergenic foods from the maternal diet is thought to relieve infant colic symptoms, but the mechanisms of action are speculative. One theory is that the ingestion of cow's milk increases gastrointestinal inflammation and reduces gut transit time, via opioid-dependent and opioid-independent pathways (33) , leading to infant intestinal discomfort. In earlier studies, immunological factors (34) were hypothesised to cause infantile colic after ingestion of cow's milk. Although cow's-milk protein has been implicated, a 12-day trial (22) of eliminating cow's milk from the maternal diet did not reduce infant colic symptoms or antigen responses in breast milk. However, a highly diverse maternal diet appeared to be associated with colic. In the current study, lactose but not milk proteins were eliminated from the maternal diet. Additionally, wheat, soy, nuts, eggs and fish were consumed during the test diet, so the improvement observed cannot be attributed to the removal of cow's-milk proteins or major allergenic foods.
Thirdly, since family stress is thought to lead to a more unsettled infant particularly in first-time mothers, improvement in colic may have related to decreased maternal stress (35) . Providing all of the food to mothers in this present study may have reduced maternal stress and anxiety, for instance, the lack of needing to cook may have reduced stress and permitted more time with the infant. However, to the contrary, the requirement for daily up-keep of food and 24-h infant behaviour diaries for 10 days may have had the opposite effect. Qualitative analysis did not identify behavioural changes to their daily routines, such as increased carrying of infants, which has been associated with reduced infant crying and fussing (36) . Unfortunately, no formal measure of the mothers' mental well-being was made in the study. A low FODMAP diet, however, may play a role in mental wellbeing. Dietary restriction of fructose and sorbitol in young women with fructose malabsorption has been reported to improve mood and early signs of depression (37) . Additionally a low FODMAP diet has been associated with a reduction in fatigue in those with IBS (31) . Although not an exclusion criteria, since 28% (n = 5) of mothers reported food-related intolerances resulting in gastrointestinal symptoms, it is possible that a change in their mood may have been a consequence of improved abdominal symptoms with a diet low in FODMAPs. Furthermore, given that the prevalence of irritable IBS has been reported to range from 9 to 23% worldwide (38) and is 1.5 times more common in women than men (39) it is not surprising that five participants in the present study reported a history of food-related gastrointestinal symptoms. It is important to note, however, that participants were not formally diagnosed as having IBS in the present study.
Fourthly, clues to changes in the infant's faeces were crudely sought by examination of faecal pH, as changes in fermentative events might be pathogenically related to colic. Faecal pH, however, remained stable throughout the study. Examination of the composition and functional capabilities of the infants' faecal microbiota may be important to gain insight into the changes in symptoms and behaviour. Indeed, the diversity of gut microbiota in infants with colic has been reported to be significantly lower than that of infants without colic (40) . The relative abundance of Lactobacilli in particular was significantly reduced in the gut of breast-fed infants with colic (41) . Future studies should include faecal microbial analysis.
Finally, it has been hypothesised that changes in the composition of the breast milk may be associated with changes in infantile colic (42, 43) . Human milk composition is complex, containing hormones, bacteria, proteins, human milk oligosaccharides, antibodies, fatty acids, growth factors, both anti-and pro-inflammatory cytokines, nutrients, and many other compounds (32, 44) . In addition to maternal diet (45) , multiple factors have been implicated in altering breast milk composition, including BMI, number of infant feeding episodes, parity, continued amenorrhea and breast-milk supply (46) . For example, mothers with a higher supply of breast milk have higher lactose concentrations (46) , and, conversely, lower protein and lipids. Data on how diet influences breast milk composition are limited and have not encompassed infantile colic. Some vitamins and fatty acid composition of human milk are influenced by maternal diet (47, 48) . Animal studies have identified protein changes in maternal milk as a result of dietary changes (33, 49) , and differences in the bacterial composition of human milk has been reported in association with infants with colic (40, 43) . In the present study, reducing dietary FODMAPs had no discernible effect on lactose content of breast milk, which showed a normal decline with infant age. Glucose and dietary fructans were only detected in trace amounts in milk before and during the dietary interventions. The unidentified peak on UPLC analysis that reduced for 11 out of 14 participants following a low FODAMP diet requires elucidation to its nature.
A potentially fruitful line of investigation maybe studying changes in the microbiota in breast milk. A diet low in FODMAPs has already been shown to change the faecal microbiota of adults with IBS (50) . Furthermore, animal models have shown that the gut bacteria of the lactating mother are sampled by luminal dendritic cells, which subsequently migrate via the lymphatic system to the mammary glands where milk production occurs (43) . This translocation process is thought to be heightened during periods of pregnancy and lactation (43) . Therefore, the hypothesis that changes in gut microbiota associated with a low FODMAP diet is changing the breast milk microbiota requires further investigation.
The main strengths of this study were the high adherence to the dietary regimen and the accurate completion of food and Baby Day Diaries. These were achieved by providing all meals, and by the dietetic supervision and researcher guidance throughout. However, the main limitations of this study were that it was open-label and uncontrolled, and that there were a relatively small number of participants. Only a well-powered randomised controlled trial where the mother and researcher are blinded to the nature of the diet would truly address this issue.
In conclusion, adhering to a maternal low FODMAP diet for 7 days was associated with clinically significant reduction in crying-fussing durations of infants with colic, regardless of infant age. It is not clear, however, whether this association represents a cause-effect relationship, whether other confounding factors can be attributed to the significant improvement in infant colic or whether the change in infant behaviour reflected natural history only. A major limitation of this change being due to reduced maternal FODMAP intake is the uncertainty of mechanisms of action. The magnitude and speed of benefits, however, were impressive and dictate the need for a randomised, controlled study to define whether a maternal diet low in FODMAPs does underlie the infant's behavioural changes.
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